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We formulate and study the mechanical instability criterion of dense matter reballs without consid-
ering a specic equation of state (EoS). We demonstrate the consistency with the chemical freeze-out
of a reball of matter formed in 158AGeV Pb{Pb collisions. Assuming EoS appropriate for quark-
gluon matter, we demonstrate the required deep QGP supercooling prior to sudden hadronization.
In a model independent approach, but using results of hadron abundance analysis and lattice QCD,
we show that the latent heat of the deconned phase is bounded from below 0.14 GeV/fm3 ≤ B.
PACS: 12.38.Mh, 25.75.-q, 12.40.Ee,
Hot and dense hadron matter reball is formed in
central collisions of relativistic heavy nuclei, comprising
possibly a new state of matter [1]. Driven by internal
pressure a reball expands and ultimately a breakup
(hadronization) into nal state particles occurs. The
mechanism of hadronization and of nal hadronic par-
ticle abundances formation (chemical freeze-out) are not
fully understood [2,3]. However, there is evidence that
the reball breakup occurs suddenly, i.e., over a rela-
tively short period of time [4{7]. It has been in particu-
lar pointed out that sudden breakup would arise if a new
form of matter reball signicantly supercools and in this
state encounters a strong mechanical instability [6].
The more precise formulation of the mechanical insta-
bility, which we present here, allows us to obtain a con-
straint between statistical and physical freeze-out prop-
erties of the nal state hadrons. We show consistency of
this constraint with the results we found in the analy-
sis of particle production in Pb{Pb 158A GeV collisions
[8]. We then show how the particle production analysis
results can be used to explore the properties of the re-
ball made of quarks and gluons and derive a limit on the
vacuum pressure B.
Cso¨rgo and Csernai observed that a rapidly expand-
ing reball will experience strong mechanical instabil-
ity when the total pressure is negative [6], at which
point the reball matter cannot ll the available vol-
ume, or/and fast spontaneous clustering (e.g., quark-
gluon fragmentation-recombination) occurs. They asso-
ciated this process with deeply supercooled state of mat-
ter.
In order to quantify this observation in more general
terms we consider the trace of the energy-stress tensor
of matter subject to a ‘diluting’ expansion with a local
velocity: v2c  v2z + v2?:





The upper index i refers to a thermal intrinsic frame
of reference, locally at rest for the energy density εi and
pressure P i of matter. P is thus the pressure of matter in
motion, which must be positive for the reball expansion
to continue. As seen in Eq. (1), when the flow velocity
remains large but P ! 0, P i must be negative [6].
For P ! 0 at vc 6= 0, we have a conflict between the
desire of the motion to stop or even reverse, and the the
diluting expansion. This can be better understood re-
calling what lead us to consider the condition P ! 0:
we visualize the reball as made of a quark-gluon liq-
uid conned by an external vacuum pressure B. In this
case the total pressure and energy comprise the vacuum
properties:
P = Pp − B , ε = εp + B . (2)
Subscript p denotes a quantity solely related to particle
properties. Eq. (1) with P = 0 thus reads:






and it describes the condition where the pressure of the
expanding quark-gluon fluid is balanced by the external
vacuum pressure.
Expansion beyond this point is not possible. A reball
that reached it, either:
a) must have vc = 0 which allows the expansion phase to
be followed by contraction | this condition could arise
if the initial conditions established in the nuclear inter-
action are appropriate;
b) or it will be torn apart by outward motion at negative
pressure, as described above.
We conclude that the condition P = 0 is the nal and
denitive instability condition of an expanding hadron
matter reball. The disintegration of reball matter will
be very rapid should a reball made of a ‘new form of’
matter be at this stage signicantly supercooled. Super-
cooling will develop in the course of reball expansion,
since adiabatic cooling by transfer of heat into the flow
of matter occurs as long as no operational (on the scale
of τ = 2 10−23 s) instabilities are encountered.
1
Before looking more closely at the consequences of con-
dition P = 0, in Eq. (1), we check if indeed the experi-
mental data is consistent with the corollary that the pres-
sure P i, at reball break up, is negative, as is required for
P ! 0 by Eq. (1). Direct measurement of the intrinsic
pressure of an exploding reball is of course not possi-
ble, however, the rst law of thermodynamics relates the
pressure to the entropy density σ = S/V , energy density
ε = E/V , and baryon density νb = b/V :
P = Tσ + µbνb − ε , (4)
with V being the volume, T the temperature and µb the









− 1! −0.2 . (5)
The value −0.2, in Eq. (5), follows using the values
from the particle production analysis we obtained for the
Pb{Pb collision system [8], Th = 0.1430.003GeV, µb =
0.2040.006GeV, E/b = 7.80.5GeV, S/b = 423, but
the ratio of ratios is more precise, (E/b)/(S/b) = E/S =
0.185  0.005 GeV, as many uncertainties cancel. The
collective velocity of the expansion is also determined
to be vc = 0.54  0.025, in units of c. These results
arise from a study in which the hadron abundances are
used to evaluate the statistical parameters such as Th,
and employing these subsequently to describe fully the
properties of all hadronic particles produced, in order
to obtain the values E/b, S/b found in these nal state
particles.
It is important to note that we can use these results of
hadron production analysis in Eq. (5) since baryon num-
ber b, energy E, and to a large degree, the entropy S
is conserved both in the process of the reball dissoci-
ation into hadrons, and subsequent further evolution to
the kinetic (collisional) freeze-out, if dierent from chem-
ical freeze-out. As expressed by the negative value of the
pressure, Eq. (5), which is in magnitude 20% of the en-
ergy density, results of data analysis are consistent with
the picture of a deeply supercooled, suddenly exploding
reball. This in turn explains the high degree of chemical
non-equilibrium found in the analysis. Also explained are
unusual values of certain chemical parameters describing
particle abundances [7], such as λs ! 1 . This value sug-
gest that both strange s and antistrange s quarks have
same size phase space in the new state of matter, as is in
the simplest, unbound particle case.
Eq. (1), for P = 0, allows yet a much better under-
standing of the circumstances of the reball breakup.
























In the nal step, we substitute using the Lorentz factor
Ei/S =
√
1− v2cE/S, and obtain an expression referring



















To understand our Eq. (8) better, let us look at a very
simple case of a gas of ideal relativistic massless parti-
cles. The internal energy density is εp = aT 4, and the
pressure, Pp = εp/3 = aT 4/3. In consistency with the
rst law the entropy density is:
Tσ = ε + P − µbνb ! 4/3aT 4 . (9)






Th , ideal gas at rest. (10)
One of the eects interactions can have is to reduce the
mobility of particles which, in fact, impacts most the
pressure P , which can be much smaller than that ex-
pected for ideal gas. Eq. (9) for P ! 0 implies that
entropy and energy are nearly equal and thus:
E
S
’ Th , interacting gas at rest. (11)
The meaning of all the terms in Eq. (8) is now clear:
in addition to the temperature term, in Eq. (11), we nd
a small correction allowing for the influence of baryon
density, which we had ignored in Eq. (11). We also have
the Lorentz factor which transforms energy from the local
flowing matter frame to the CM frame, and the last factor
in curly brackets describes the eect of the flow velocity
vc seen in Eq. (1).
Eq. (8) establishes a general constraint characterizing
the reball break-up condition, which we can evaluate for
the case of Pb{Pb interactions at 158A GeV. The solid
line, in gure 1, shows the behavior of vc(Th) constraint
arising from Eq. (8) for the case E/S = 0.185 0.05GeV
(error range shown by dashed lines). Outside of the re-
gion bounded by the solid line (i.e., for greater Th and
vc), the flow expansion can occur as the internal particle
pressure is greater than the conning pressure.
As the reball matter approaches the mechanical in-
stability boundary, its turns unstable and is torn apart
by the conflict between the desire to expand (vc 6= 0)
and the sign of the pressure. The dashed nearly hor-
izontal line is the velocity of sound of the interacting
quark-gluon liquid, which diers only slightly from 1/
p
3
[9]. The ‘experimental’ cross, in gure 1, shows the re-
sult of our hadron production analysis as stated above
[8]. Seeing this result we conclude that hadron produc-
tion (hadronization) occurred at the mechanical instabil-
ity of supercooled expanding reball, and without need
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for shock wave formation considering that the expansion
velocity does not surpass the velocity of sound.
FIG. 1. Fireball velocity as function of break up tempera-
ture constraint for the case E/S = 0.185 ± 0.005 GeV, with
S/b = 42 and µb = 0.2 GeV; the dotted lines describe the un-
certainty in the determination of E/S. Dashed line: velocity
of sound of relativistic quark-gluon liquid. The experimental
point is result of our hadron production analysis.
Our study suggest that mater within an non-
homogeneous reball would hadronize at a single and
sharply dened instability condition. We imagine the
reball made of shells of matter, as each of these shells
approaches mechanical instability, it hadronizes. Thus
the eect of inhomogeneity would be to introduce a nite
time associated with particle production, which is much
longer than the sudden break-up nature of mechanical
instability would suggest.
Up to this point, in the study of instability of a reball,
we have not used any specic properties of the equa-
tions of state of the matter lling the reball. How-
ever, our results imply that the matter inside the re-
ball is deeply supercooled. Can this be a deeply super-
cooled liquid of quarks and gluons? We have developed
a model of QGP equations of state employing proper-
ties of QCD interactions and thermal QCD, ne tuned
to agree with the properties of lattice QCD results [9].
The parameters that are employed include in particular
B = 0.19GeV/fm3.
The thin solid line in gure 2 is the phase boundary
in the T, µb plane, where the pressure of the quark-gluon
liquid equals the equilibrated hadron gas pressure. The
hadron gas behavior is obtained evaluating and summing
the contributions of all known hadronic resonances. The
dotted lines, in gure 2, correspond to the condition
Eq, (3) for (from right to left) v2c = 0, 1/10, 1/6, 1/5, 1/4
and 1/3. The last dotted line corresponds thus to an
expansion flow with the velocity of sound of relativistic
noninteracting massless gas. The thick solid line corre-
sponds to an expansion with vc = 0.54. The experimen-
tal point follows from the analysis of hadron abundances
reported above [8].
For vanishing baryon-chemical potential, we note in
gure 2 that the phase transition temperature is Tp ’
173MeV. The super-cooled P = 0 temperature is at
Tc = 157.5MeV, and an expanding reball can deeply
super-cool to T ’ 140MeV before onset of the mechan-
ical instability. The scale in temperature we present is
result of comparison with lattice gauge results. Within
the lattice calculations [10], it arises from the comparison
with the string tension.
Comparing thin and thick lines in gure 2 we recog-
nize the deep supercooling as required for the explosive
reball disintegration to occur. With this result we thus
have understood how the sudden hadronization mecha-
nism of the QGP-liquid reball occurs. We have identi-
ed this process as a likely evolution stage since our rst
hadron production data analysis [7].
FIG. 2. Thin solid line: Phase transition from hadron gas
to QGP liquid. Dotted: breakup condition, Eq, (3), of the
liquid for expansion velocity v2c = 0, 1/10, 1/6, 1/5, 1/4 and
1/3, and thick line for vc = 0.54. The experimental point
denotes chemical freeze-out analysis result [8].
We now consider if we can take advantage of our un-
derstanding of the condition of instability to determine in
a model independent way the latent heat associated with
the formation of the deconned state of matter. Pres-
ence of latent heat, for reasons of physical consistency,
requires presence of external (negative) vacuum pressure
B. More precisely, the vacuum contribution to the phys-
ical properties of deconned matter can be derived from:





lnZ = −B , (13)
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The temperature, T = 1/β, dependence of the vacuum
pressure has been considered within the model of color-
magnetic vacuum structure [11,12]. Near to the phase
transformation condition the variation of B with β is
minimal (see gure 2 in [11]), and thus we neglect the
logarithmically small last term in Eq. (14).






B − P ip
B + εip
, (15)
To extract B from the measured left hand side of Eq. (15),
we need to have a good idea about the properties of the
quark-gluon particle gas near to the hadronization point,
as well as a ballpark idea about the Lorentz factor con-
necting the intrinsic rest frame of the reball with the
CM-frame.
A useful inequality follows from Eq. (15):
−PV
E
ε = B − P ip < B . (16)
While one would think this is a trivial condition, it can be
used in a non-trivial way: the rst factor is determined
from particle data analysis, and thus the result is, in our
case of 158A GeV Pb{Pb collisions,
0.2ε < B .
Next, εi can be taken from the lattice data and it is well
represented by εi = aT 4, with a ’ 11, value extrapolated
for the number of light quark flavors being nf = 2/5 at
the hadronization point [9]. Together with the Lorentz
factor, which converts from intrinsic to flowing frame of





11T 4h ’ 0.14 GeV/fm3  B ,
which is a rather good limit since the particle pressure
P ip, at Th, is rather small compared to other terms we
consider.
In summary, we have derived a constraint, Eq. (8),
which relates the physical parameters of the hadronic re-
ball at the point of sudden break-up. We obtained this
result from mechanical stability consideration employing
only general properties of the energy-stress tensor of mat-
ter, and the rst law of thermodynamics. We showed that
this constraint is consistent with analysis results we found
considering the experimental particle production results
for Pb{Pb collisions at 158A GeV. We have also shown
that particle production occurred at condition of signi-
cant negative pressure expected in a deeply supercooled
state. This demonstrates in a model independent way
internal consistency of our (strange) hadron production
analysis [8], since the strong non-equilibrium features we
obtained required sudden chemical freeze-out.
We further reported the behavior of the phase transi-
tion between hadron gas and quark-gluon liquid, and con-
rmed the magnitude of the deep supercooling occurring
in the reball expansion. We considered, in a model inde-
pendent way, the magnitude of the latent heat/vacuum
pressure associated with the reball dynamics. Employ-
ing a lattice-QCD based estimate on number of degrees of
freedom in the energy density of the QCD thermal mat-
ter, we obtained a constraint on the magnitude of latent
heat/vacuum pressure B  0.14GeV/fm3.
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